Acylated amino acids function as important components of the cellular membrane in some 20 bacteria. Biosynthesis is initiated by the N-acylation of the amino acid and this is followed by 21 subsequent O-acylation of the acylated molecule resulting in the production of the mature 22 diacylated amino acid lipid. In this study we use both genetics and liquid chromatography-23 mass spectrometry (LC-MS) to characterize the biosynthesis and function of a diacylated 24 glycine lipid (GL) species produced in Bacteroides thetaiotaomicron. We, and others, have 25 previously reported the identification of a gene, named glsB in this study, that encodes a N-26 acyltransferase activity responsible for the production of a monoacylated glycine called N-27 acyl-3-hydroxy-palmitoyl glycine (or commendamide). In all of the Bacteroidales genomes so 28 far sequenced the glsB gene is located immediately downstream from a gene, named glsA, 29 also predicted to encode a protein with acyltransferase activity. We use LC-MS to show that 30 co-expression of glsB and glsA results in the production of GL in Escherichia coli. We 31 constructed a deletion mutant of the glsB gene in B. thetaiotaomicron and we confirm that 32 glsB is required for the production of GL in B. thetaiotaomicron. Moreover, we show that glsB 33 is important for the ability of B. thetaiotaomicron to adapt to stress and colonize the 34 mammalian gut. Therefore, this report describes the genetic requirements for the 35 biosynthesis of GL, a diacylated amino acids species that contributes to fitness in the human 36 gut bacterium, B. thetaiotaomicron. 37 38 Importance 39 The gut microbiome has an important role in both health and disease of the host. The 40 mammalian gut microbiome is often dominated by bacteria from the Bacteroidales, an 41 Order that includes Bacteroides and Prevotella. In this study we have identified an acylated 42 amino acid, called glycine lipid, produced by Bacteroides thetaiotaomicron, a beneficial 43 bacterium originally isolated from the human gut. In addition to identifying the genes 44 required for the production of glycine lipids we show that glycine lipids have an important 45 role during the adaptation of B. thetaiotaomicron to a number of environmental stresses 46 including exposure to either bile or air. We also show that glycine lipids are important for 47 increases our understanding of the molecular mechanisms underpinning colonization of the 50 mammalian gut by beneficial bacteria. 51 52 53 Members of the Phylum Bacteroidetes, including genera containing important human gut 54 commensal bacteria such as Bacteroides, Parabacteroides and Prevotella, dominate the 55 healthy human gut microbiota (1). The gut-associated Bacteroidetes are required to digest 56 complex dietary glycans into short-chain fatty acids (such as acetate and propionate) that 57 are accessible to the host (2-4). A longitudinal study in infants has revealed the presence of 58 Bacteroides in the infant gut within 1 week of birth and some species of Bacteroides have 59 been shown to utilize the polysaccharides present in human breast milk (5, 6). Therefore it 60 has been suggested that Bacteroides may have an important role during the early 61 development of the infant gut (6). 62 63 Acylated amino acids can be found in the membranes of many bacteria (7, 8). The best-64 characterized, and most widespread, acylated amino acid is ornithine lipid (OL). OL contains 65 a 3'-hydroxy fatty acid group attached by an amide linkage to the -amino group of 66 ornithine with a second fatty acid group ester linked to the 3'-hydroxy group of the first 67 fatty acid (9). The genetics of OL production was first described in Sinorhizobium meliloti 68 where it was shown that a N-acyltransferase encoded by olsB catalysed the attachment of 69 an hydroxylated fatty acid group to ornithine, resulting in monoacylated ornithine or lyso-OL 70 (10). The second fatty acid was subsequently attached to the hydroxyl group of lyso-OL 71 through the activity of an O-acyltransferase encoded by olsA, resulting in the production of 72 OL (11). An enzyme called OlsF, containing functionally independent domains with N-73 acyltransferase and O-acyltransferase activity, has recently been shown to produce OL in 74 Serratia proteamaculans (12). Activities that further modify the OL by hydroxylation or 75 methylation have also been identified (13-15). OL have been shown to be important for 76 growth during acid and temperature stress in Rhizobium tropici and depletion of OL results 77 in an increase in the speed of crown gall tumor formation in plants infected with 78 Agrobacterium (13, 16). Therefore, OL are important during the interactions between 79 bacteria and their environment, including hosts. 80 81
the normal colonization of the murine gut by B. thetaiotaomicron. This work identifies 48 glycine lipids as an important fitness determinant in B. thetaiotaomicron and therefore
Introduction
GlsB is required for the production of commendamide in B. thetaiotaomicron 133 We wanted to confirm that glsA and glsB were involved in the production of GL in 134 Bacteroides. To do this we decided to take advantage of the genetic tools available in 135 Bacteroides thetaiotaomicron VPI-5482 in order to make a deletion mutant of the glsB 136 (BT_3459) homologue in this bacterium. We also constructed a strain whereby a native copy 137 of glsB was inserted into the genome of the glsB mutant strain (glsB::glsB). 138 Unfortunately, despite several attempts, we were unable to construct a knock-out mutation 139 of glsA (BT_3458), or a double knock-out of glsA glsB, in B. thetaiotaomicron. Nonetheless, 140 we were able to identify lipid species in both WT and the complemented glsB::glsB strain 141 that were consistent with commendamide and other N-acylated derivatives of glycine (see 142 Figure 3 and Table 2 ). Further mass spectrometric analysis indicated the presence of 143 diacylated GL in both WT and the complemented glsB::glsB strain but not in the glsB 144 mutant (see Figure 3B and Table 2 ). These species showed differences in their retention 145 time compared to the GL found in E. coli and gave rise to multiple, partially resolved 146 chromatographic peaks. Bacteroides are known to produce branched-chain fatty acids 147 although from our MS/MS analysis it was not possible to definitively assign whether the 7 glycines were acylated with straight or branched-chain acyl groups (e.g. 16:0 or methyl-15:0) 149 or if they were iso-or anteiso-branched (19) . Importantly, we could not detect any acylated 150 glycine in the glsB mutant (see Table 2 ). Therefore, glsB is required for the production of 151 all acylated glycine species in B. thetaiotaomicron. Interestingly, a comparison of the total 152 lipid chromatogram did reveal both qualitative and quantitative differences between the 153 glsB mutant and both the WT and glsB::glsB strain (see Figure 3A) . Although a 154 comprehensive analysis of these differences is not the objective of this study, we did 155 determine that an ion with the same mass as Lipid 654 is produced by B. thetaiotaomicron 156 but absent from the glsB mutant (see Figure 3C ). Lipid 654 is an acylated serine-glycine 157 dipeptide that has been detected in many members of the Bacteroidetes (20) . Lipid 654, 158 also called flavolipin, was first described in members of the Flavobacterium and Cytophaga 159 (21) (22) (23) . Some recent studies with Porphyromonas gingivalis have implicated Lipid 654 in 160 osteoblast differentiation and atherosclerosis in humans and have also identified Lipid 654 161 as a potential microbiome-associated biomarker for multiple sclerosis (20, (24) (25) (26) . In 162 addition, a series of molecules with retention times approximately 14-16 mins and m/z 163 ratios ranging from 1200-1300 were also completely absent from the glsB mutant. The 164 identity of these species is currently under investigation. Therefore, our data confirms that 165 glsB is required for the production of GL and Lipid 654 in B. thetaiotaomicron and a 166 mutation in glsB results in significant qualitative and quantitative changes in the lipid profile 167 of the membranes of this bacterium. 168 169 The expression of glsB and glsA is constitutive in B. thetaiotaomicron 170 We wanted to examine the expression levels of glsA and glsB in B. thetaiotaomicron during 171 growth. Cells were cultured to mid-exponential phase in either rich (BHIS) or defined (DMM) 172 growth media and total RNA was isolated. RT-PCR analysis suggested that glsA and glsB are 173 on different transcripts in B. thetaiotaomicron (see Figure 4A ). To determine the expression 174 profile of glsA and glsB we examined the data from previously published microarray 175 experiments undertaken using B. thetatiotaomicron cultured under different in vitro and in 176 vivo conditions (27, 28) . In TYG broth, a rich growth medium composed of tryptone, yeast 177 extract and glucose, the levels of expression of both glsA and glsB is highest during early 178 exponential phase and the expression of both genes decreases over time (see Figure 4B ). A similar trend is observed during growth in minimal media but the decrease in glsA and glsB 180 expression over time is not as strong (see Figure 4B ). Therefore, the expression of glsA and 181 glsB may be linked to growth rate. Moreover, glsA and glsB are also expressed during 182 colonization of the cecum of mice by B. thetaiotaomicron (see Figure 4B ). Therefore, glsA 183 and glsB appear to be constitutively expressed in B. thetaiotaomicron during growth in vitro 184 and in vivo.
186
The glsB gene is required for normal growth in vitro 187 During preliminary experiments we observed that, when colonies were inoculated from agar 188 plates into BHIS broth and incubated overnight, there was significantly reduced growth of 189 the glsB mutant compared to WT cultures. This suggested that glsB might be important for 190 the normal growth of B. thetaiotaomicron. In order to quantify this observation we set up 191 10 overnight cultures, from fresh BHIS agar plates inoculated with WT, the glsB mutant or 192 the glsB::glsB strain and the cultures were incubated at 37C for 18h at which point the 193 final OD 600 was taken as a measurement of growth. WT and glsB::glsB cultures grown 194 under these conditions reached OD 600 values with a mean of 1.42 +/-0.042 and 1.25 +/-195 0.25, respectively (see Figure 5 ). However, the OD 600 values of cultures inoculated with the 196 glsB mutant were significantly lower (0.36 +/-0.23; P<0.001) confirming that the glsB 197 mutant has a strong growth defect under these conditions. Interestingly, when glsB 198 mutant cells from the overnight broth cultures were inoculated into fresh broth cultures 199 there was no observed defect in growth rate between the WT and the glsB mutant (see 200 Figure 5B ). Therefore, our data suggests that glsB may be required to facilitate adaptation of 201 B. thetaiotaomicron to the transition from growth on a solid surface to growth in liquid 202 broth.
204
The glsB gene is required for adaptation to stress in vitro 205 The transition from growth in solid to liquid media may represent a stress to the bacterium. 206 Therefore, we decided to assess the sensitivity of the glsB mutant to different stresses that 207 would normally be encountered by B. thetaiotaomicron i.e. bile stress and the presence of 208 oxygen in air. B. thetaiotaomicron was cultured in BHIS broth to mid-exponential phase 209 before the cells were transferred to fresh medium supplemented with 1% (w/v) porcine bile and the cells were incubated, anaerobically, for a further 14 h. Under these conditions both 211 WT and glsB::glsB cultures reached a final cell density of 2.6 x 10 9 cfu ml -1 and 2.7 x 10 9 cfu 212 ml -1 respectively (see Figure 6A ). This is only marginally lower than the cell density achieved 213 when cells are grown under the same conditions but in the absence of bile (2.98 x 10 9 cfu 214 ml -1 and 2.9 x 10 9 cfu ml -1 , respectively) and this reflects the high level of bile tolerance 215 associated with the Bacteroides (29). In contrast the glsB mutant only achieved a cell 216 density of 2.7 x 10 5 cfu ml -1 when cultured in the presence of 1% (w/v) porcine bile (in 217 contrast to 2.7 x 10 9 cfu ml -1 when cultured in the absence of bile). Therefore, the glsB 218 mutant is approximately 10 4 -fold more sensitive to porcine bile than the WT (see Figure 6A ). 219 Similarly, the glsB mutant exhibited a 10-fold increased sensitivity to exposure to air for 220 14h compared to both the WT and glsB::glsB strain (see Figure 6B ). Therefore, the glsB 221 gene is important in B. thetaiotaoimicron to allow adaptation to a variety of stresses 222 including exposure to bile and air.
224
The glsB gene is required for normal colonization of the murine gut 225 We wanted to determine the role, if any, of glsB during colonization of the mammalian gut. 226 Therefore, germ-free C57BL/6 mice were subjected to a single, oral gavage of 10 8 cfu of 227 either WT B. thetaiotaomicon or glsB mutant bacteria. Fecal pellets were collected on Day 228 2, 6, 9 and 12 post-gavage and bacteria were enumerated by viable plate counting on BHIS 229 agar. On Day 2 the level of WT B. thetaiotaomicron in fecal pellets was 3.6 x 10 10 cfu g -1 230 feces compared to a significantly lower level of 5.7 x 10 9 cfu g -1 feces for the glsB mutant 231 (see Figure 7A ). However, by Day 4, the glsB mutant was found to be present in fecal 232 pellets at the same level as the WT. Analysis of the cecal contents of mice collected on Day 233 14 indicated that there is a small, but significant, decrease in the level of the glsB mutant 234 in the cecum compared to WT B. thetaiotaomicron (see Figure 7B ). Therefore, the glsB 235 mutant is affected in its ability to colonize the murine gut, particularly during the early 236 stages of colonization. SCFA such as acetate and other organic acids e.g. succinate (4, 30) . Therefore, we decided to 240 use acetate and succinate production as a marker of B. thetaiotaomicron metabolism in the host. Using HPLC, we measured the level of acetate and succinate in the cecal contents 242 collected from germ-free mice infected with either WT or glsB mutant. As expected, we 243 could not detect any acetate or succinate in the cecal contents of uninfected mice, 244 confirming that these metabolites are exclusively derived from microbial activity in the gut 245 (see Figure 7C ). There was a small, but significant (Mann-Whitney test; P=0.036), decrease 246 in the level of acetate present in the cecal contents of mice colonized with the glsB mutant 247 compared to WT (0.37 mM (0.24-0.53 mM) vs 0.49 mM (0.37-0.94 mM), respectively). The 248 level of succinate was also significantly (Mann-Whitney test; P<0.0001) reduced in the cecal 249 contents of mice infected with the glsB mutant compared to the WT bacteria (0.25 mM 250 (0.06-0.38 mM) vs 1.1mM (0.51-2.3 mM), respectively). Therefore, the metabolism of the 251 glsB mutant is different from WT B. thetaiotaoimicron during growth in the murine gut. The acylated amino acids, GL and flavolipin, have previously been identified in the 255 membranes of several different members of the Phylum Bacteroidetes (8, 20, 31) . In this 256 study we have identified the genes required for the production of these acylated amino 257 acids. Using genetics and high resolution LC/MS we show that glsB (BT_3459) encodes a 258 glycine N-acyltransferase that is required for the production of both GL and flavolipin in B. Burholderia cepacia has been shown to be important for the normal tolerance of the 281 bacterial cell to acid and temperature stress (13, 39, 40) . Our data suggests a role for 282 GL/flavolipin during the response of B. thetaiotaomicron to different stresses and a glsB 283 deletion mutant was compromised in its ability to adapt to various stresses including 284 transition from liquid to solid media, exposure to bile and exposure to air. Interestingly we 285 could not construct a deletion in glsA suggesting that this gene might be essential in B. In this study we show that the glsB mutant in B. thetaiotaomicron is affected in its ability 294 to colonize the gut of a GF mouse. A deletion of both the glsA and glsB orthologues in B. 295 fragilis (named hlyB and hlyA, respectively) was also attenuated for virulence in a mouse 296 abscess model supporting a role for these genes during in vivo growth (42). We have shown 297 that, in contrast to the WT, the glsB mutant produces decreased levels of both acetate and 298 succinate whilst in the cecum indicating that there are differences in the metabolism 299 between the WT and the glsB mutant. Acetate and succinate are important end-products 300 of carbohydrate metabolism in B. thetaiotaomicron. Acetate is produced from acetyl-CoA 301 via the acetate kinase (AckA)-phosphate acetyltransferase (Pta) pathway resulting in the 302 generation of ATP. The reduction in acetate production in the glsB mutant is small and may not by physiologically important. Succinate production is via phosphoenolpyruvate, 304 oxaloacetate, malate and fumarate and is linked to the production of reducing equivalents 305 (through the regeneration of NAD(P)+) and the formation of a proton motive force. 306 Fumarate reductase (Frd) catalyzes the production of succinate from fumarate and this 307 protein complex is localized to the inner membrane of Bacteroides. Therefore, one possible 308 explanation for the reduced level of succinate observed in the glsB mutant of B. 309 thetaiotaomicron is that the activity of Frd is compromised by the altered membrane 310 composition of this mutant. Nonetheless, the significantly reduced levels of succinate 311 produced by the glsB mutant would be expected to compromise metabolic flux and, 312 therefore, reduce fitness in the gut. In support of this, both glsA (BT_3458) and glsB 313 (BT_3459) have been identified as important determinants for the colonization of the GF 314 mouse gut during an IN-Seq screen with B. thetaiotaomicron (43). Therefore, we have 315 shown that glsB, and presumably the production of GL and/or flavolipin, is an important 316 fitness factor in Bacteroides, required for the adaptation to stress and normal colonization 317 of the mammalian gut, particularly in the presence of a competing microbiota. Gene deletions were carried out using B. thetaiotaomicron tdk, as previously described (44). 332 Briefly the DNA regions flanking the gene to be deleted were amplified and fused by PCR, 333 cloned into the pEXCHANGE-tdk vector and transformed into E. coli S17-1 λpir. The donor (E. 334 coli) and recipient (B. thetaiotaomicron) strains were mixed, plated onto BHIS agar containing 10% (v/v) horse blood (BHIS blood agar), and incubated, aerobically at 37°C for 24 h. The 336 biomass was re-suspended in 5ml TYG broth, before plating onto BHIS blood agar 337 supplemented with Gm and Ery. The plates were incubated anaerobically for 48 h at 37°C, 338 before 5-10 colonies were re-streaked onto BHIS blood agar (Gm, Ery). After 48 h at 37°C, 339 single colonies were picked into TYG broth and grown for 20 h without antibiotics before 340 plating onto BHIS blood agar supplemented with 200 μg ml -1 5-Fluoro-2'-deoxyuridine (FUdR) 341 for vector counter selection. The plates were incubated anaerobically for 72 h and re-streaked 342 onto BHIS blood + FUdR agar plates. Colony PCR, using primers that were designed outside of 343 the flanking regions, was used to identify potential knock out mutants, before confirmation Analysis of short-chain fatty acids (SCFA) 365 The level of SCFA in the cecal contents was determined by HPLC using a protocol described 366 previously (45). Cecal contents were weighed and re-suspended in sterile MilliQ water (1:10 (w/v)) containing several 3-4 mm sterile glass beads (Sigma). The samples were vortexed for 368 1 min and homogenates were centrifuged at 10,000 x g for 10 min. The supernatants were 369 filter sterilised using a 0.22 μm filter and analysed using HPLC with a refractive index detector 
